It has been shown that some aerobic, unicellular, diazotrophic cyanobacteria temporally separate photosynthetic 02 evolution and oxygen-sensitive N2 fixation. Cyanothece sp. ATCC strain 51142 is an aerobic, unicellular, diazotrophic cyanobacterium that fixes N2 during discrete periods of its cell cycle. When the bacteria are maintained under diurnal light-dark cycles, N2 fixation occurs in the darlk Similar cycling is observed in continuous light, implicating a circadian rhythm. Under N2-fixing conditions, large inclusion granules form between the thylakoid membranes. Maximum granulation, as observed by electron microscopy, occurs before the onset of N2 fixation, and the granules decrease in number during the period of N2 fixation.
The granules can be purified from cell homogenates by differential centrifugation. Biochemical analyses of the granules indicate that these structures are primarily carbohydrate, with some protein. Further analyses of the carbohydrate have shown that it is a glucose polymer with some characteristics of glycogen. It is proposed that N2 fixation is driven by energy and reducing power stored in these inclusion granules. Cyanothece sp. strain ATCC 51142 represents an excellent experimental organism for the study of the protective mechanisms of nitrogenase, metabolic events in cyanobacteria under normal and stress conditions, the partitioning of resources between growth and storage, and biological rhythms.
Some cyanobacteria use energy acquired through oxygenic photosynthesis to drive N2 fixation. Nitrogenase, the enzyme that catalyzes the six-electron reduction of dinitrogen to ammonia, is notoriously sensitive to molecular oxygen, so much so that it seems incompatible with the oxygen-evolving nature of photosynthetic organisms. However, cyanobacteria have devised remarkably elegant methods of protecting nitrogenase from contacting oxygen, including spatial separation, temporal separation, and efficient enzyme systems that destroy reactive 02 by-products (8) .
Aerobic, unicellular, diazotrophic cyanobacteria exhibit temporal separation of oxygenic photosynthetic activities and oxygen-sensitive N2 fixation (8) . In general, these organisms fix N2 under environmental conditions that are not appropriate for rapid photosynthesis, namely in the dark of night or in periods of low light near sunrise and sunset. Measurements of nitrogenase activity performed in situ on natural mats of nonheterocystous cyanobacteria (mainly Oscillatoria or Gloeothece species) have supported the temporal separation theory (11, 37) . Several laboratory studies have investigated temporal separation, finding that oxygenic photosynthesis and oxygen-sensitive N2 fixation occur during different diurnal periods.
A unicellular, diazotrophic cyanobacterium, Synechococcus sp. strain RF-1, exhibits temporal separation when grown with alternating light and dark periods by fixing N2 during discrete intervals that occur about every 24 h (12, 14) . The time of maximum nitrogenase activity generally coincided with the dark period but may be determined by a circadian rhythm since the periodicity observed in cultures grown with different photoperiods was unchanged. Gloeothece and Oscillatoria species exhibit similar patterns of temporal separation (23, 38) . A * Corresponding author. Phone: (317) . Fax: (317) 494-0876. series of reports (24, 25) on Synechococcus sp. strain Miami BG 043511 grown with alternating light and dark periods have shown that cultures become synchronized in terms of cell division and N2 fixation, with nitrogenase activity limited to the dark.
Dinitrogen fixation is an energy-demanding process, requiring several ATPs per molecule of combined nitrogen produced (41) . Thus, for N2 fixation to continue in the dark, without light-driven energy production or exogenous nutrient sources, the cells must utilize internal stores of energy and reducing power. In fact, it has been shown that, under diazotrophic conditions, the aerobic, unicellular cyanobacteria accumulate large quantities of carbohydrates (9, [24] [25] [26] . These pools of photosynthate accumulate during a phase of rapid CO2 fixation in the light and are then apparently utilized during the dark phase to drive N2 fixation (and presumably for maintenance energy). Work with both Synechococcus sp. strain Miami BG 043511 (24, 25) and Gloeothece spp. (9, 26) has demonstrated that carbohydrates accumulate toward the end of the light phase and dissipate in the dark in cultures grown diazotrophically with alternating light and dark periods. It has been shown in Gloeothece spp. that intense respiration occurs in conjunction with the period of N2 fixation and the dissipation of carbohydrate reserves (22) . This has the dual effect of providing energy and reducing power to drive N2 fixation, but it also presumably reduces the intracellular 02 concentration, thereby providing additional protection against oxygen-mediated nitrogenase inactivation. It has been suggested that respiration actively protects nitrogenase in other cyanobacteria as well (8, 24) .
The current study describes similar physiological phenomena in the unicellular, aerobic, diazotrophic cyanobacterium, Cyanothece sp. strain ATCC 51142. We have previously shown that Cyanothece sp. strain ATCC 51142 fixes N2 during discrete diurnal periods (29) . When Acetylene reduction assays. Nitrogenase activity was measured as the reduction of acetylene to ethylene, as previously described with some modification (29) . Reactions were performed in Becton Dickinson Vacutainer tubes containing air supplemented with 15% (vol/vol) acetylene (generated from calcium carbide). The assays were started by cannulation of 2-ml culture samples and continued for 1 h under growth chamber conditions. The assays were often stopped by the addition of 0.2 ml of 5 M NaOH. The ethylene content of a 0.2-ml aliquot of the gas phase was determined by gas chromatography as previously described (29) . After correction for the small amount of ethylene that contaminates the acetylene, the amount of ethylene in each sample was determined by using a standard curve generated with commercial ethylene. The amount of N2 reduction was estimated by using a conversion factor of 3.8 acetylene molecules reduced per dinitrogen molecule reduced (15) and then normalized to 108 cells for presentation. All acetylene reduction assays were performed as duplicates, with results that were generally within 10% of each other.
Measurement of carbohydrate content. Cells were harvested from 2-ml culture samples by centrifugation in a microfuge, resuspended in 0.2 ml of deionized water and digested with 0.4 ml of 40% (wt/vol) KOH at 90°C for 1 h. After cooling, two volumes of cold absolute ethanol were added to precipitate carbohydrates during overnight storage at -20°C. The precipitate was pelleted by centrifuging for 30 min in a microfuge and dissolved (partially degraded) in 0.1 ml of concentrated H2SO4 for 10 min at room temperature. The samples were diluted with 0.9 ml of deionized water, and carbohydrates were measured as glucose by using acid anthrone reagent according to previously described procedures (32, 33) . Anthrone reagent (concentrated H2SO4 with 2.0 g of anthrone per liter) was prepared fresh daily and allowed to stand for at least 1 h before use. Aliquots (0.5 ml) of the dissolved precipitates were added to 1 ml of anthrone reagent in 13-by-100-mm test tubes (final acid concentration, 79.6%), vortexed quickly (<5 s) to prevent overheating, and refluxed for 10 min at 90°C. After Design of physiology experiments. It has previously been shown by measuring acetylene reduction by cell samples taken at 2-h intervals throughout several 24-h periods that nitrogenase activity is periodic (29) . To facilitate the performance of the current time course experiments, duplicate flasks were subcultured 12 h apart from the same stock culture. With this design, an entire 24-h cycle could be observed during a 12-h period. The acceptability of this protocol was demonstrated in two ways. First, control experiments performed in this way gave results identical to results from our previously reported studies in which single cultures were monitored continuously. Second, duplicate cultures were inoculated 6 h apart (rather than 12 h apart), maintained under growth chamber conditions with continuous illumination, and assayed for acetylene reduction activity. It was found that the peaks of nitrogenase activity were then offset by 6 h between the two cultures (31). It appears that inoculation of dilute subcultures from stationaryphase stock cultures, initiating exponential growth, begins the cycling phenomena anew. Duplicate cultures, taken from the same stock culture, were routinely inoculated 12 h apart for use in the current study. It was also found that duplicate cultures inoculated at the same time exhibited identical cycling patterns (31) . For most time course experiments, subcultures were inoculated from continuous-light-grown, stationary-phase stock cultures and then maintained under growth chamber conditions with either continuous light or alternating 12-h light and 12-h dark periods.
Preparations for electron microscopy. Cells from cultures used for physiology experiments were concentrated 50-to 100-fold by centrifugation at 5,000 x g for 10 min, prepared for transmission electron microscopy by freeze-substitution, and examined as previously described (29) . Briefly, concentrated cells were resuspended in agarose and spread thinly onto glass slides. Small squares of the cell-agarose sheet were quick-frozen by plunging them into liquid propane that was cooled to -190°C by liquid nitrogen. During the next few days, the cellular water was gradually replaced with an organic solvent at -85°C; for general morphology, we determined that acetone, followed by acetone-Os04, was the best freezesubstitution solvent. The cells were then embedded in Lowicryl HM20 (Polysciences) and photopolymerized by UV light for 48 h at 4°C, followed by an additional 48 h at room temperature. Thin sections were cut, picked up on Formvar-pluscarbon-coated grids, stained with uranyl acetate and lead citrate, and examined in a Philips EM-400 transmission electron microscope at an accelerating voltage of 80 keV. Micrographs were digitized at 25-,um intervals (corresponding to -0.7 nm sampling at the specimen) on a rotating-drum microdensitometer (model C-4100; Optronics International, Inc., Chelmsford, Mass.). Images on the micrographs were enhanced with interactive FORTRAN programs on a VAX8550 minicomputer (Digital Equipment Co., Maynard, Mass.) in order to stretch out the contrast into a full 8-bit plane on a 1,280-by 1,024-pixel raster graphics monitor device (model 3400; Lexidata Co., Billerica, Mass.) and photographed on a graphics recorder (model 3000; Matrix Instruments, Orangeburg, N.Y.). No digital filtration of these images was attempted.
Granule-enriched preparations (see the description below) were negatively stained with 1% uranyl acetate and examined as explained above.
Granule preparation. Cells from cultures that were 1 h into the dark phase of alternating 12-h light and 12-h dark periods were chilled on ice, harvested by centrifugation at 1,000 x g for 5 min, washed once with cold extraction buffer (10 mM Tris-Cl [pH 8.0], 10% [vol/vol] glycerol), and resuspended in extraction buffer. Cells were broken by three passages through a French pressure cell at 16,000 lb/in2, with cell debris and unbroken cells removed by centrifugation at 1,000 x g for 5 min. A granule-enriched fraction was obtained by centrifuging the low-speed supernatant at 10,000 x g for 10 min. The pellet was resuspended in a small amount of extraction buffer and centrifuged for 10 min in a microfuge, yielding a multilayered pellet. Two major fractions, an upper orange layer and a lower white layer, were collected in extraction buffer with a small camel hair brush. Additionally, the orange layer was bounded by two thin green layers, and a small hard pellet of green and brown material was beneath the white layer.
Other methods. IKI spectra of granule fractions were obtained essentially as previously described (17) . A solution of 1% (wt/vol) 12, in 2% (wt/vol) KI, was diluted 263-fold with saturated CaCl2 solution. One milliliter of the carbohydrate solution to be tested was treated with 10 pAl of this reagent, and the absorbance spectrum was recorded with a Beckman DU-7HS spectrophotometer. The spectrum generated with commercial mussel glycogen agreed with previously reported (4) spectra for shellfish glycogen (data not shown). Carbohydrate residue analyses were performed, after digestion with HF, by high-pressure liquid chromatography (HPLC) separation with a CarboPak PA-1 ion exchange column (Dionex) and a pulse amperometric detector, as previously described (3). Culture density was determined by counting cells with a Coulter Counter (model ZF; 50-,um-diameter aperture tube).
Materials. Ethylene was obtained from Matheson Gas Products, Inc. All other reagents were from standard sources.
RESULTS
Preparation and characterization of granule-enriched isolates. The large inclusion granules formed by diazotrophically grown Cyanothece sp. strain ATCC 51142 can be readily isolated by differential centrifugation of cell homogenates. In the electron microscope, the isolated granules appear to be relatively intact, retaining the size, shape, and surface features of in situ granules ( Fig. la and b ; see Fig. 8 for comparison). The isolated granules are 150 to 250 nm in diameter and appear as regularly shaped spheres or oblate ellipsoids. There are also surface substructures that give the granules a striated appearance and a diffuse periphery, but there is no evidence of a unit membrane. Two types of granule-enriched fractions are usually prepared (see Materials and Methods). A white granule-enriched fraction appears to be virtually pure granules, whereas an orange granule-enriched fraction contains granules, carotenoids, and yet-unidentified cellular debris that may be outer membrane fragments. With an alternate extraction medium, a green granule-enriched fraction which apparently contains thylakoid membrane fragments could be obtained (data not shown). Granules in selected freeze-substituted cells (29) have protrusions that appear to be bridges to the thylakoid membrane (Fig. lc) .
The main constituent of the isolated granules was determined to be carbohydrate. Hot-KOH-soluble, ethanol-insoluble granule material gave a strong positive reaction with anthrone reagent, indicating the presence of a polymer of reducing sugars (33) . HPLC analyses of the sugars released from the granules by HF digestion indicated that the carbohydrate material is primarily (approximately 99%) a glucose homopolymer (data not shown). Trace amounts of other sugars (fucose and rhamnose) were also detected in the HPLC profiles. Both white and orange granule-enriched preparations gave similar profiles. The granule-enriched fraction (mediumspeed pellet) represents the great majority of cellular carbohydrates, as shown in Table 1 . The white granule-enriched fraction contained about eight times as much carbohydrate as the orange granule-enriched fraction.
After the staining with IKI reagent, the absorbance spectrum (Fig. 2) 12 and 82 h after subculturing (see Fig. 3 and 5 ). In agreement with our previous results (29) , nitrogenase activity is only apparent during the dark phase for cultures grown with light-dark cycles (Fig. 3) . Nitrogenase activity rapidly developed within 2 h after the transition to darkness, reached a maximum at 4 to 6 h into the dark phase (16 to 18 h after inoculation) and then very rapidly declined to zero by 8 to 10 h into the dark phase. This pattern was repeated over the course of the experiment, with peak nitrogenase activity obtained approximately every 24 h. The pattern was highly persistent and nitrogenase cycling continued in light-dark cultures into the stationary phase, weeks after inoculation (Fig. 4) . Nitrogenase activity per cell appears to diminish as the culture enters the stationary phase, although the maximum daily activity may have been missed, since only three samples per day were taken after the 5th day of the experiment.
The carbohydrate content of cells maintained under lightdark cycles was also found to rise and fall in a cyclical manner. As shown in Fig. 3 (29) . The original thin-section micrograph was computer enhanced to highlight the "bridges" (arrows) from the granules to the thylakoid membrane (T).
of nitrogenase activity, the periodic accumulation of carbohydrates appears to continue into stationary phase (31) .
Similar cyclical patterns of nitrogenase activity and carbohydrate accumulation were observed in cultures grown with continuous light (Fig. 5) (32, 33) .
that the nitrogenase peak for the second day after inoculation is often absent or distorted during continuous-light experiments. We believe that this is a manifestation of the stress of continuous light, with the cultures generally appearing somewhat yellow (some loss of phycobilisomes) for several days after subculturing into continuous light.
For the light-dark experiment described above, the subcultures were given 12 h of light immediately after inoculation. In a separate experiment, subcultures were first exposed to 12 h of darkness before alternating periods of 12 h of light and 12 h of darkness, and nitrogenase was assayed every 2 h (Fig. 6a) . It can be seen that no nitrogenase activity was observed during the first 24 h. A small peak of activity was observed during the second dark phase, and normal cycling resumed only after the second light phase. Thus, nitrogen was fixed at high rates only during dark periods that followed photosynthate accumulation in the light. In another experiment, subcultures were first exposed to 24 h of light before the initiation of alternating 12-h dark and 12-h light periods (Fig. 6b) (29) . Figure 7 shows the patterns of nitrogenase activity, carbohydrate accumulation, and granule content for the light-dark cultures used in the electron microscopy experiments. (15, 29) , and carbohydrate content (-) was assayed by using anthrone reagent (32, 33) . similar to the usual pattern observed (compare Fig. 7 to Fig. 3 ). Carbohydrate content was measured only on the day that the electron microscope samples were taken, but the curve agrees with the typical results of Fig. 3 . The process of granule formation-dissipation was quantified by counting the number of granules per section from cells sliced near the meridian (Fig.  7) . It can be seen that the number of granules per cell closely mirrors the oscillation of carbohydrate content during the assay period. In these photographs, the designations, DO and D2, etc., mean that the sample was obtained at the beginning of the dark period and 2 h into the dark period, respectively, etc. For the continuous-light experiment, CL12, CL16, and CL20 mean that the samples were obtained 0, 4, and 8 h after the beginning of the subjective dark period, respectively.
Figures 8 and 9 depict cells from a light-dark experiment, which was sampled at five points in the dark period (DO, D2, D4, D6, and D9) and two points in the light period (L4 and L9). We draw three major conclusions from observation of over 200 cells from each sample. First, the granules form in the light and disappear in the dark. At D9 (Fig. 9a) , there are literally no granules present. After 4 h in the light, granules are evident between the thylakoid membranes (Fig. 9b) . The number of carbohydrate granules continues to increase during photosynthetic growth ( Fig. 9c and d) and reaches a maximum at the light-to-dark transition (Fig. 8a and b) . The granules begin to decline in number during the peak of nitrogenase activity ( Fig. 8c and d) and are completely absent by D9 (Fig.  8d and 9a) .
Second, the number of carbohydrate granules per cell demonstrates an extremely tight distribution. In the light-darkgrown cultures, virtually every cell had the same number of granules (e.g., 50 DO cells varied from 60 to 75 granules per cell). This indicates an excellent synchronization among cells in these light-dark cultures. Third, the dark bodies seen in the D6 and especially in the D9 cells (Fig. 8d and 9a) are compositionally different from the carbohydrate granules. The dark bodies are generally apparent after the peak of nitrogenase activity and are localized exclusively at the cellular periphery. Preliminary results (35) indicate that the dark bodies contain cyanophycin (1) , an important nitrogen storage product.
The results of a similar experiment on a continuous-lightgrown culture are depicted in Fig. 10 and 11 . Again, the number of carbohydrate granules is maximal just before the period of N2 fixation and declines throughout the period of peak nitrogenase activity (compare CL12, CL16, and CL20 in Fig. 10 ). The dark bodies appear once nitrogenase activity declines (Fig. 11) and are located near the cellular periphery. However, the continuous-light-grown culture was not as well synchronized as the light-dark-grown culture. The number of granules per cell shows a tight distribution at CL12 and a fairly tight distribution at CL16 but a nearly bimodal distribution at CL20. Ultrastructural observation of cultures that have passed the peak of nitrogenase activity (CL20) indicates that some of the cells seem to have lost most of their carbohydrate granules (i.e., 0 to 15 granules per cell), whereas others have lost few or none (i.e., 50 to 75 granules per cell). This can be interpreted to indicate that cells are provided information either to produce a full complement of granules or to dissipate all of these granules. At the same time point, some cells are asynchronous, do not degrade granules, and therefore still contain a full (or nearly full) complement of granules. The relationship between the number of granules and the carbohydrate content is demonstrated in Fig. 11 . It is evident that the number of granules visualized in the electron microscope provides a good estimation of the carbohydrate content. (15, 29), and carbohydrate content (-) was assayed by using anthrone reagent (32, 33) . The granule content (shaded bars) was determined by electron microscopy, as shown in Fig. 8 (40) , and in eukaryotes (6, 20) . There is a body of literature describing the accumulation of carbohydrates in cyanobacteria (2, 7, 10, 19, 34, 40, 42) . As with the heterotrophic bacteria, nitrogen starvation (in the presence of an adequate carbon source) has been shown to induce the accumulation of carbohydrate reserves (2, 7, 10, 19, 40, 42) . When the starvation condition is relieved by the addition of combined nitrogen, these reserves are mobilized for cell growth and division. (12, 24) , the cultures needed to be entrained with light-dark cycles before physiological cycling would proceed in continuous light. However, even after entrainment, the physiological cycling soon damps. The oscillating behavior of metabolic processes in Cyanothece sp. strain ATCC 51142 is initiated by subculturing in continuous-light-grown cultures and continues for many days.
The rationale for cyclical storage and utilization of carbohydrates may be more than simple energetics. It is well known that nitrogenase is extremely sensitive to inactivation by oxygen (8) . It has been suggested that nitrogenase is protected, to some extent, from oxygen by the temporal separation of oxygenic photosynthesis and O2-sensitive N2 fixation. Thus, N2 fixation is limited to the dark period when photosynthesis is not occurring. Furthermore, it has been proposed that very active respiration helps to lower intracellular 02 concentrations during the dark period (9) . Cytochrome oxidase may be in the thylakoid membranes, in proximity to the granules. Nitrogenase may sit between the thylakoid membranes where oxygen levels may be kept low by the action of nearby cytochrome oxidase. High rates of respiration have been reported during dark-phase N2 fixation for several unicellular diazotrophs (22, (24) (25) (26) (18) . Cells could sink to lower depths as photosynthate accumulates, so that they are exposed to lower 02 tensions when the carbohydrate content is highest, near the onset of N2 fixation.
The carbohydrate granules found in Cyanothece sp. strain ATCC 51142 present a morphology not previously observed in similar organisms. The carbohydrate granules found in other cyanobacteria are analogous to the ot granules first described for rabbit muscle (4, 10, 27, 34) , but the carbohydrate granules in Cyanothece sp. strain ATCC 51142 are much larger than classical a granules. The carbohydrate-iodine spectrum (Fig. 2 ) most resembles that of rabbit liver glycogen (4) and is indicative of a structure with an average external chain length of 8 to 10 glucosyl units (43 Fig. 11 , and samples were freeze-substituted with acetone plus OS04 (29 (15, 29) , and carbohydrate content (0) was assayed by using anthrone reagent (32, 33) . The granule content (shaded bars) was determined by electron microscopy, as shown in Fig.  10 , at CL12, CL16, and CL20 on the 4th day after inoculation.
promoter in Synechococcus sp. strain PCC 7942 by the use of a luciferase reporter (16) . The oscillating behaviors described in aerobic, diazotrophic cyanobacteria exhibit some of the hallmark qualities of circadian rhythms: e.g., the oscillations have a free-running cycle of about 24 h under constant conditions and the cycling pattern can be affected, and to some extent set, by light. It will be interesting to study circadian rhythms in Cyanothece sp. strain ATCC 51142, because this strain has such easily assayed cyclical behavior.
